It has been known for some time that brain-derived neurotrophic factor (BDNF) is critical to normal development of the CNS, and more recently, studies also have documented the ability of BDNF to modify adult CNS structure and function. Therefore, it is no surprise that BDNF has been linked to diseases, such as epilepsy, which may involve abnormal cortical development or altered brain structure and function after maturity. This review evaluates the evidence, particularly from recent studies, that BDNF contributes to the development of temporal lobe epilepsy (TLE).
originally thought that p75 acted largely independent of trk, but it now has been shown that p75 can interact with trk and that distinct trk forms (i.e., trkA and trkB) may interact with each other (2) . Furthermore, truncated forms of trkB, which have been known to exist for some time, initially were considered functionally irrelevant because they lacked the internal catalytic domain. It is now known that truncated trkB can exert biologic effects (3) . Similarly, initially it was thought that only full-length neurotrophins were functional, but it now has been shown that proneurotrophins also are bioactive. Proneurotrophins may be particularly relevant to epilepsy because they appear to act preferentially on p75 once they are released (4) and because p75 is upregulated in apoptotic neurons after seizures (5) . However, once outside the cell, proneurotrophins are cleaved by serine proteases and matrix metalloproteases, many of which are upregulated after seizures (e.g., PC1, furin) (6) , which would favor a greater role of the cleavage product (i.e., BDNF instead of proBDNF).
Historical Overview
The first study on BDNF of relevance to epilepsy demonstrated that seizures greatly increased BDNF expression in areas of the brain that are involved in limbic seizures (7, 8) . One of the most sensitive cell types appears to be dentate gyrus granule cells, which appear to transport BDNF primarily to their axons and mossy fibers and to contain one of the highest concentrations of BDNF in the normal adult rat (9) . However, hippocampal pyramidal cells also increase expression of BDNF after seizures, and interestingly, most other areas known to be vulnerable in TLE (e.g., amygdala, entorhinal cortex, piriform cortex) increase BDNF expression as well (10, 11) . BDNF upregulation after seizures has now been shown to be extremely robust, regardless of the method used for seizure induction. It now is clear that trkB also increases after seizures and does so in a temporal and spatial pattern that, for the most part, mimics BDNF (10, 12) . BDNF expression increases after injury or ischemia (13) , and this is also the case for trkB, but not other trk receptors (14) . In addition, BDNF is increased by relatively benign manipulations, such as exercise (15) or estrogen treatment (16, 17) .
Independently, other studies have provided potential insight into physiological effects of BDNF that might be relevant to excitability. First in cultures of Xenopus myocytes (18) and then in CNS slices of adult rodents (19) , it was shown that BDNF application potentiates excitatory transmission. In adult hippocampus, BDNF induces a long-lasting potentiation of each segment of the trisynaptic circuit (20) (21) (22) . Additional studies have identified both structural and functional actions on GABAergic neurons (23) , but the precise subtypes of affected GABAergic neurons are not yet delineated precisely. It is also not clear what role GABAergic neurons play in the potentiation of glutamatergic input to principal neurons, although evidence that BDNF can decrease GABAergic transmission (24, 25) and decrease the K + -Cl − cotransporter KCC2 (26) makes it likely that GABAergic neurons play some type of role. Another acute action of BDNF is depolarization of neurons by a rapid action at Na v 1.9 (27) . This effect is intriguing because it may contribute to long-lasting potentiation of glutamatergic inputs, given the evidence that depolarization in conjunction with high-frequency stimulation facilitates the induction of long-term potentiation. Importantly, there is still considerable controversy regarding actions of BDNF, sites of action (i.e., presynaptic versus postsynaptic), and underlying mechanisms. Moreover, many potential effects of BDNF (e.g., on glia) are unresolved.
Regarding the relevance of BDNF to epilepsy, most, if not all, actions could potentially increase excitability and, indeed, infusion of BDNF in vivo can induce seizures (28), whereas scavenging BDNF in vivo appears to reduce the ability to kindle (29) . However, some studies of BDNF infusion in vivo do not support these results, because kindling is delayed after chronic BDNF infusion (30, 31 ). An explanation for the disparity has been suggested by recent studies that show that chronic infusion of BDNF can downregulate trkB receptors, although acute administration of BDNF does not (32) .
BDNF and Epilepsy: A Hypothesis
The two concurrent lines of research described earlier: (a) the ability of seizures or injury to increase both BDNF and trkB, and (b) the ability of BDNF to increase excitability of principal cells, led to the following hypothesis for epileptogenesis (33) . The first part of the hypothesis envisages an event precipitating TLE, such as an insult, injury, period of febrile seizures, or encephalitis. The prediction is that this initial event elevates BDNF in diverse ways in various areas of the brain that influence limbic networks. Important to this argument is that BDNF is increased not only after insults, injury, or seizures in the adult (as previously discussed) but also after febrile seizures (34) . Interestingly, polymorphisms in the BDNF gene have been linked to febrile seizures (35) . Regarding changes in BDNF levels after encephalitis, little is known; however, maternal infection can elevate BDNF in the fetus (36) , and infection can lead to BDNF synthesis in immune cells that penetrate the CNS (37) .
The second part of the hypothesis posits that increased BDNF potentiates glutamatergic transmission, increasing neural activity in limbic circuits. The increased activity would lead to a secondary increase in BDNF/trkB levels and initiate further potentiation. Evidence for the latter comes from in vitro studies showing that long-term potentiation can induce BDNF (38) . The supposition is that these events ultimately would escalate, by positive feedback, and reach seizure threshold (33) .
At the same time, growth-associated actions of BDNF may occur in a complementary fashion to promote epileptogenesis. This aspect of the hypothesis rests on the large body of evidence demonstrating that BDNF facilitates changes in spines and axons and promotes neurogenesis in the adult brain. Indeed, microarray studies have shown that BDNF is elevated during the latent period and may be one of the growth-associated proteins important in epileptogenesis (39) . The primary argument against this hypothesis is that it is not yet known whether growth and morphologic plasticity always leads to a net increase excitability: they could also decrease excitability. What is known is that BDNF administration has the following effects: (a) BDNF increases neurogenesis in the dentate gyrus (40) and ectopic neurogenesis (41); (b) BDNF increases basal dendrite formation of granule cells (42, 43) ; (c) BDNF induces morphologic changes in dendritic spines (44, 45) ; and (d) stimulates axonal growth (42, 46) . Although these BDNFinduced events modify excitability (47) (48) (49) , a definitive association with epileptogenesis and chronic epilepsy has not been established.
Complicating Factors in Establishing a Relation between BDNF and Epilepsy
In evaluating the validity of the hypothesis described earlier, various issues both support and argue against it. One argument against the hypothesis is the lack of evidence that BDNF upregulation is sufficient to set into motion the cascade of events leading to spontaneous seizures. Endogenous controls appear to limit the ability of BDNF to increase excitability. For example, BDNF induces neuropeptide Y (NPY) expression, which appears to potently depress synaptic transmission at many of the same synapses that BDNF potentiates (50) . Indeed, these effects may be one of the reasons why the epileptic brain does not constantly have seizures. Another example of an inherent "brake" is that trkB decreases under some conditions in which BDNF is elevated, although this relation is not a simple issue because an increase in BDNF does not always decrease trkB (32) . In addition, trk can be moved to different cellular compartments and, potentially, have new functional roles (51) .
Another important consideration in assessing the validity of the hypothesis is that the types of growth-associated changes related to elevated BDNF are not necessarily consistent with epileptogenesis, if one examines details of studies to date. For example, BDNF administration fosters dendritic spine changes in organotypic cultures of postnatal rats (45) and increases spines in cultures of postnatal rats (44) , but, in some models of epilepsy, a dramatic reduction of spines can occur (47, 52) . Notably, one study of cortical neurons that expressed BDNF showed that this treatment did decrease spines along dendrites (43) . Another example of potential discordance relates to the ability of BDNF to increase axonal growth. Evidence suggests that BDNF can increase axonal growth, but specific studies of mossy fiber sprouting, an example of axonal growth that may contribute to TLE, have not agreed that BDNF plays a key role. Most studies suggest that BDNF is not critical to mossy fiber sprouting (32, 53, 54) , although other studies support a potential role (42, 46, 55) .
An important point that may reconcile some of the disparities regarding the role that BDNF plays in epileptogenesis is that most of what is known about the actions of BDNF, to date, is based on studies that have used radically different preparations (e.g., brain region, animal age) and techniques. Furthermore, the results may not accurately reflect endogenous actions of BDNF because they are based on adding a pharmacologic concentration of recombinant BDNF to tissue. Little is known about the concentration of BDNF or proBDNF released in situ or whether it is always released synaptically. Our understanding of endogenous BDNF is, for the most part, inferred from anatomic or biochemical studies, but these studies typically use antibodies to BDNF or biochemical manipulations that are somewhat controversial. Thus, one antibody to BDNF has indicated that BDNF protein is transported anterogradely and packaged into dense core vesicles at synapses (9, 56) , but another antibody to BDNF suggests that BDNF expression is mainly somatic, and furthermore, BDNF expression can move from somata to dendrites after seizures (57) .
Insights from Transgenic Mice
A great deal of information has come from the use of transgenic mice, particularly regarding the hypothesis that BDNF contributes to epileptogenesis and epilepsy. In knockout mice, homozygous deletions are lethal, so heterozygotes have been studied. In 1995, a seminal study showed that heterozygous knockouts have decreased seizure susceptibility and impaired kindling (58) , providing a foundation for the hypothesis that BDNF is associated with epileptogenesis and epilepsy. The converse was evident in animals with BDNF overexpression, as increased seizure susceptibility and in vitro hyperexcitability occurred (59) .
Subsequent studies of transgenic mice provided even more evidence that BDNF plays a role in seizure susceptibility, and perhaps, provided the first evidence of a role in epileptogenesis. These studies examined how two different transgenic lines responded to chemoconvulsants and subsequent development of spontaneous seizures. The first line, in which one of the truncated isoforms of trkB was overexpressed, was used to reduce the concentration of BDNF able to activate full-length trkB. However, given what is now known about truncated trkB, additional effects may have been present. Regardless, a remarkable effect was found on chronic seizures after kainic-acid-induced status epilepticus: spontaneous seizures were reduced, seizures were less severe, the onset of spontaneous seizures was delayed, and both mortality and interictal spiking were reduced (60) . However, sample sizes were limited. Importantly, one of the reasons for this limitation was the inability to achieve status in animals with overexpressed truncated trkB, which in itself supports a role in seizures. The second transgenic line involved overexpression of full-length trkB. Surprisingly, converse effects to those found in the studies of the first transgenic line were not observed (61) . Thus, chronic seizures were unaffected. However, severity of status epilepticus was increased by overexpression of full-length trkB, as was status-epilepticus-associated cell death, providing support for the overall hypothesis that the BDNF/trkB system is relevant to seizure susceptibility and associated neuronal damage.
These studies may have been confounded by developmental abnormalities that could have occurred in the CNS after perturbation of neurotrophins and their receptors during development of the transgenic mice, as well as by complex changes in neurotrophins and their receptors after seizures. A solution to this problem recently became available with the advent of conditional forebrain BDNF knockout animals, which have been used in the kindling model of epileptogenesis. Interestingly, the BDNF conditional knockout did not have severely altered kindling, arguing against the hypothesis for a critical role of BDNF in epileptogenesis (62) . However, it was determined that trk was still phosphorylated in the BDNF knockouts, possibly by NT-3 or NT-4/5, making conclusions difficult. Fortuitously, a distinct transgenic line of mice, with conditional forebrain knockout of trkB, was made subsequently. In these animals, remarkably, kindling never occurred. However, prolonged afterdischarges were difficult to elicit, and this is important because afterdischarges are an essential initial step in kindling. Therefore, one could argue that this study primarily emphasizes a role of trkB in afterdischarges, and does so in a very compelling manner. In summary, the studies described above provide strong support for a role of neurotrophins acting at trkB receptors in seizures and epileptogenesis, but the precise role still needs to be defined.
Future Questions
Clearly, these studies suggest that developing AEDs that target trkB may be antiepileptogenic and anticonvulsant. It might be best not to forget, just yet, BDNF as a potential target, because a recent study showed that a polymorphism in the BDNF gene led to partial epilepsy (63) . Moreover, brain tissue resected from patients with intractable TLE contains substantially elevated levels of BDNF (64, 65) , raising the possibility that if the excess could merely be decreased, seizures might be reduced. Indeed, reducing excess BDNF may actually aid cognitive function, which is often a problem in TLE, because overexpressing BDNF in mice appears to lead to deficits in learning and longterm potentiation (59) . However, before such an approach can be seriously considered, a great deal more must be known about neurotrophins/trkB in the normal brain but, also, in the epileptic brain.
